This article describes an apparatus for obtaining nucleation data from a levitated solution microdroplet, automatically. A particularly novel feature is that it uses an electrodynamic levitator trap ͑ELT͒ which converts to a quasielectrostatic levitator ͑QEL͒, at any time during an experiment. The conversion is accomplished by using asymmetrically applied potentials on the ELT structure. With this modification one can trap a particle in the ELT mode and then convert to the QEL mode for automatic operation. By eliminating the need for the alternating gradient forces which are intrinsic to the ELT, the system in its QEL mode is shielded from unwanted noise and parametric instabilities associated with the ELT's alternating potential. To test the system theoretically, we calculate the effect which molecular collisions have on the positional variance in a spherical void QEL. Following this, we describe the components of our servosystem, and demonstrate the robustness of our design by following the nucleation of a solution droplet as the ambient relative humidity is reduced by evacuation.
I. INTRODUCTION
The Paul trap modified for levitation 1 ͓also known as electrodynamic levitator trap ͑ELT͔͒, has been used to suspend individual microparticles in an atmosphere for a host of optical 2 and thermodynamic studies. 3 However there are applications in which so-called quasielectrostatic levitators ͑QEL͒ 2 are more convenient. One obvious case is being able to place a particle at an arbitrary distance from a surface for long-range force measurements. Unfortunately with an ELT any attempt to move the particle off center leads to oscillation. Another application which is of interest in the current work, involves servoing the field within the levitator in order to continuously follow mass changes resulting from evacuation of solvent from a microdroplet during a nucleation experiment. Each of the last two applications are complicated by the alternating field ͑ac͒ in the ELT. This field can lead to parametric instabilities 4 as pressure is reduced as well as enhanced parametric noise. 5 However, without this ac field a true ''electrostatic levitator'' cannot hold a particle over an indefinite time at a fixed point in space ͑Earnshaw's theorem͒. 6 This is a consequence of restrictions on the curvatures of electrostatic potentials in space as dictated by Laplace's equation, ٌ 2 ⌽ϭ0. If trapping along a particular axis requires having a potential with a positive second derivative with respect to that axis, at least one of the other second derivatives along an orthogonal direction must be negative ͑unstable͒. However, quasielectrostatic levitators ͑QEL͒ can hold particles at a fixed location in space. This is accomplished by generating a potential energy minimum in the plane perpendicular to the force of gravity and balancing the particle's weight with a field along the electrostatically unstable direction using human or electronic feedback. Most QEL electrodes have been designed specifically in order to create such a potential. 7, 8 A clever example is the work of Rhim et al. 8 The electrodes are a small section of a spherical capacitor ͑Fig. 1͒, and consequently the field lines are radial. With the aid of gravity and the electric force, a particle is drawn horizontally toward a region where the electric force directly opposes gravity. One clearly sees that as a negatively charged particle is moved from left to right, horizontally, its potential energy q⌽ is lowest as it passes closest to the top positively charged electrode ͑i.e., a potential minimum exists in the x-y plane just under this electrode͒.
In our lab a need has arisen for a QEL in nucleation studies, however only ELT devices were available. This article reports an extremely simple modification, using the potential distribution alone, which allows one to convert an ELT into a QEL at any time during an experiment. We also analyze the effect that molecular collisions have on the positional variance in the QEL mode. Following this, we introduce the design for a control system which allows for the conversion. Finally we display data on a crystallizing microparticle to demonstrate the robustness of our design. ͑SVELT͒. In each case the static dc potential ⌽ dc (r), which is controlled by adjusted V dc , generates the field which balances gravity at the center, and is applied with odd parity with respect to the mechanical mirror plane ͓i.e., ⌽ dc (x,y, Ϫz)ϭϪ⌽ dc (x,y,z)]. In contrast, the dynamic ac potential ⌽ ac (r), which is controlled by adjusted V ac , generates the alternating gradient trapping field, and is applied with even parity with respect to the mechanical mirror plane ͓i.e., ⌽ ac (x,y,Ϫz)ϭϩ⌽ ac (x,y,z)].
II. DESIGN PRINCIPLE
We are not concerned here with the mechanism by which the alternating fields in ELTs such as the SVELT, trap microparticles in a gaseous atmosphere. 10 However, without the alternating field, a particle cannot be held in a fixed region over an indefinite time simply by controlling V dc . That neither the SHELT or SVELT with conventional wiring ͑Fig. 2͒ can act as a QEL is a consequence of symmetry. If the dc potential at a small displacement below center is the negative of the dc potential at the same absolute distance above center, then a simple Taylor expansion shows that even derivatives with respect to z must be zero at the center,
Using the arguments in the previous two sentences, and the requirement that all second derivatives must sum to zero ͑Laplace's equation͒, it is apparent that
͔ c ϭ0 at the center. Therefore with a dc potential having odd parity there is no lateral restoring force in an ELT with V ac ϭ0. This suggests that in order to create a QEL from an ELT, we should investigate the effect of breaking this odd parity symmetry.
Suppose we imagine that instead of the dc supply (V dc being divided equally between the top and center, and center and bottom electrodes͒ its application is unbalanced as shown in Fig. 3 . With the ac potential switched off the potential of the bottom electrode relative to the central torus is Ϫ f V dc , and the potential of the top electrode is (1 Ϫ f )V dc , where f is a fraction; 0р f Ͻ1. As depicted, the dc potential difference between the top and center electrode is larger than the difference in potential between the center and bottom electrode ͑i.e., f Ͻ1/2). Now the dc potential ͑a small displacement below center͒, is smaller than the negative of the potential at the same absolute distance above center. This results in a positive second derivative of the dc potential in the z direction; ‫ץ(
͔ c and through the sum rule imposed on second derivatives by Laplace's equation
So unlike the balanced case in which the potential is essentially unchanging in the lateral direction from the center, in the unbalanced case depicted in Fig. 3 , the potential is largest at the center and falls on either side. The SVELT in Fig. 3 is clearly designed to levitate a negatively charged particle, and since the potential energy is q⌽ dc , a particle moved along the x axis will be at its lowest energy at the center.
Although we have chosen the SVELT for our latter discussion, the basic idea of converting an ELT to a QEL ͑i.e., SVELT→SVQEL) by using a potential imbalance is applicable to virtually all ELTs. However, because all electrode surfaces of the SVELT are at a constant radius it may be the easiest geometry for calculating the potential energy depth for lateral confinement.
To calculate the energy depth for a particle in a SVQEL it is necessary to determine the electrical potential. This is best facilitated by defining two potential states with respect to the mirror plane, one of odd parity, ͉↑͘ ͑i.e., potentials on the top, center, and bottom electrodes are ϩV dc /2, 0, and ϪV dc /2, respectively͒ and the other of even parity, ͉ ͘ ͑i.e., potentials on the top, center, and bottom electrodes are ϩV dc /2, 0, and ϩV dc /2, respectively͒. A mixed parity state such as that depicted in Fig. 3 will be a superposition of ͉↑͘ and ͉ ͘, for which the potential
Since both odd and even states individually satisfy Laplace's equation, Eq. ͑1͒ is also a solution. For a unique solution, the only other requirement is that the boundary conditions are satisfied. By matching the potentials on the boundary, we find aϭ1Ϫ2 f and bϭ1. It is interesting to note that since b is independent of f, and of unit value, the electric field at the center of the modified SVELT will be the same as the electric field for the balanced case, V dc /2z 0 ; 10 the first term in Eq. ͑1͒ produces a null field at the center of the SVELT. Now we are in a position to estimate the rms displacement of a particle from the origin due to thermal noise ͑i.e., for a gaseous environment near room temperature, thermal positional noise is caused by molecular collisions͒.
We will suppose that any imbalanced vertical force can be compensated for using an electronic servosystem, so only lateral motion ͑e.g., motion in the x direction͒ need concern us. As we have pointed out previously, the odd parity state has no potential curvature in the x direction near the origin. So the x dependence of the potential energy near the origin is due to ͉ ͘. In particular the potential energy
Note that with f ϭ1/2 ͑i.e., the balanced case͒, ␦U(x,0,0) ϭ0; the particle is free to drift laterally from the origin. The general result for ␦U in the SVELT requires solving the associated boundary value problem for . 10 In spherical polar coordinates ␦U͑r,͒ϭϪ
where X m is the cosine of the angle at which the top electrode meets the center electrode, z 0 is the radius of the SVELT, and the sum in brackets is restricted only to even integers for n. As one moves off the origin in the x direction, the quadratic term heavily dominates and the potential energy near the origin can be adequately described by ␦U͑x,0,0͒ϭϩ
͑4͒
We have taken the charge of the particle to be negative ͑i.e., qϭϪ͉q͉) consistent with the requirement for levitation in Fig. 3 . Since the potential energy must have a minimum in x for the particle to be confined along the x direction, f must be less than 1/2. With k B T/2 of thermal energy partitioned for a given axis, for a particle of mass m the rms uncertainty width along the x axis is arrived at by equating ␦U to k B T/2, with the result
where we have used the levitation condition, ͉q͉V dc ϭ2mg z 0 . 10 With Eq. ͑5͒ in hand, we are now in a position to estimate how well a particle can be confined. For a unit density particle 10 m in diameter in a SVELT with z 0 ϭ1 cm and f ϭ0, the rms thermally induced excursion from the origin in the x-y plane at room temperature ͱ ͗x 2 ͘ Ϸ2 m. This tight confinement relative to the width of a focused laser beam qualifies the SVQEL not only as a mass balance in nucleation studies but also as a tool for confinement in spectroscopy experiments.
III. IMPLEMENTATION
An ELT which can act alternatively as a QEL has, in effect, the best of both worlds. The particle is caught using alternating gradient forces associated with the ELT, and then by decreasing f below 1/2, confinement is produced in the x-y plane eliminating the need for the ac field. This means that the pressure can be reduced in the modified device without the worry of generating parametric instabilities associated with reduced drag in an ELT, 4 and the particle can be repositioned vertically without oscillating. However, once the ac field is turned off, one must balance the particle along the z direction. This has traditionally been accomplished in the spherical capacitor levitator ͑Fig. 1͒, 8 and in a modified Millikan levitator, 7 by using optical sensing servomechanisms. We have applied a similar scheme for controlling the vertical field in the asymmetrically modified ELT. Figure 4 shows the basic scheme. A charged microparticle ϳ15 m in diameter is injected into a gaseous background within a SVELT using a picopipette 11 and is trapped by alternating gradient forces. The asymmetry factor f is then lowered to zero, the ac source is turned off, and the particle's position is controlled by an active feedback system.
The feedback system consists of a detector head ͑Fig. 4͒ which generates a positional error signal and an analog signal processing circuit for conditioning this signal for active feedback. The positional error signal is produced by tracking the position of the image of a particle using scattered light. For QEL control a number of detectors have been used. Instead of two photomultipliers and a dividing mirror, 7,12 a CCD camera, 8 or a linear position sensitive detector, 13 we have chosen to use a split photodiode ͑Hamamatsu S4204͒. The currents from each half are amplified and fed into a log-ratio amplifier ͑Analog Devices 757P͒. For small excursions relative to the image size, the output from this detector head ͑Fig. 4͒ provides an error signal which is approximately proportional to the particle's vertical displacement. Both this signal and its derivative drive a high voltage operational amplifier ͑HVOA, Apex PA85͒. Derivative feedback is important at low pressures where drag is lost and there is a need to create ''artificial viscosity.'' 14 The output from the HVOA is applied to the top electrode of the SVELT to complete the servoloop.
Our major reason for assembling this system is to investigate homogeneous nucleation of aqueous solutions. Ultimately we would like to examine effects associated with a protein solution. These experiments require taking the solution droplet into the supersatured region where it is metastable. This, in turn, requires drawing water from the particle by lowering the relative humidity ͑RH͒ around it. To monitor RH we have used a sensor which changes its capacitance with ambient relative humidity ͑Vaisala 15778AHM͒. A commercial circuit provides a voltage level from 0 to 100 mV for a relative humidity range 0%-100% ͑Vaisala MultiMeterMate-U075en-1.1͒.
IV. RESULTS
We begin by injecting an ϳ20 m sized ammonium sulfate solution droplet into the device in the ELT configuration at 69% RH. At this RH the droplet is supersaturated; the RH above a saturated solution of ammonium sulfate at 300 K is 81%. The alternating field produced by the ac torus initially traps the particle within a confined space near the origin. The dc voltage is then applied to ''balance'' the particle. A diode laser ͑2 mW͒ illuminates the particle from the side. Elastic scattering near 90°is captured by a lens system which creates a slightly defocused image on the split photodiode detector. The experimentalist views the particle's image from the opposite side with a telemicroscope. The conjugate image of the detector is also visible to the viewer who adjusts the particle's image to straddle the dividing line of the split photodiode. To provide the least amount of ''shock'' to the system, the particle's image is moved to produce an error signal near zero, and then the switch is flipped to convert the ELT into a QEL configuration. With asymmetry factor f ϭ0 and an active servosystem, the ac supply is turned off and the particle appears motionless. This is consistent with the resolution of our telemicroscope ͑2 m͒ and the calculated rms displacement ͓Eq. ͑5͔͒ associated with thermal noise ͑ϳ1 m͒. A better test of the robustness of the modified SVELT is seen in the study of nucleation.
Our ELT/QEL is contained within a chamber. This enclosure is sealed off with a plug containing the relative humidity sensor. By evacuating the chamber the relative humidity in the droplet's ambient atmosphere begins to decrease. During evacuation the servosystem balances the change in weight of the particle. Data are recorded through an interface controlled by LabVIEW 4.1 ͑National Instruments, Inc.͒, sampling the balance voltage, relative humidity, and pressure within the chamber at set intervals. As one can see in Fig. 5 , when the droplet reaches 28% relative humidity it nucleates, producing a sudden mass decrease. In contrast with reported nucleation measurements using an ELT with a CCD controller for which the system is reported to be too slow to follow the nucleation event, 15 the control system for our QEL is fast enough ͑ϳ1 ms response͒ to follow this mass loss with no visible motion of the particle. However, the experimentalist notices an abrupt change in light scattering. The pattern changes from regular angular fringes associated with Mie scattering from a spherical object to a random angular scattering associated with a solid particle undergoing rotational Brownian rotation. From the beginning to the end of the experiment takes ϳ1 h. Our results are similar to experiments by Izmailov et al., 16 Tang et al., 17 and Richardson and Spann 18 using manual data collection with an ELT. Since the balance voltage is proportional to the particle's mass, one can use the data in Fig. 5 to determine the concentration of solute at any point in the evaporation curve. At the onset of nucleation the balance voltage is in excess of the balance voltage for the solid ͑5.3 V͒ by 1.3 V. Therefore the ratio of ammonium sulfate to water at the onset of nucleation is 4.1. Alone, the ratio may seem trivial, however by comparison, the same ratio for a saturated solution in bulk is 0.7! This huge enhancement in the concentration at which nucleation occurs in an isolated solution droplet indicates that the process occurs homogeneously. Unlike heterogeneous nucleation due to foreign surfaces which is difficult to describe, homogeneous nucleation is beginning to be understood because of such isolated droplet experiments. Additionally with theoretical models one can use experimental results to infer the size of the critical embryo responsible for homogeneous nucleation 19 as well as the distribution of solute clusters preceding nucleation.
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V. DISCUSSION
Our goal in this work has been to describe a device which can be converted from an ELT to a QEL. Although we have demonstrated its ability by looking at a routine nucle- ation experiment, it can be used in a host of other experiments ͑e.g., photophoretic spectroscopy 14 and microparticle photoelectron spectroscopy 21 ͒.
